Improved Acid Resistance of a Metal-Organic Cage Enables Cargo Release and Exchange between Hosts. by Xu, Lin et al.





Improved Acid Resistance of a Metal-Organic Cage Enables 
Cargo Release and Exchange between Hosts 
Lin Xu,‡ Dawei Zhang,‡ Tanya K. Ronson, and Jonathan R. Nitschke* 
Abstract: Here we introduce the use of di(2-pyridyl)ketone in 
subcomponent self-assembly. When combined with a flexible triamine 
and zinc bis(trifluoromethylsulfon)imide, this ketone formed a new 
Zn4L4 tetrahedron 1 bearing twelve uncoordinated pyridyl units around 
its metal-ion vertices. The acid stability of 1 was found to be greater 
than that of the analogous tetrahedron 2 built from 2-formylpyridine. 
Intriguingly, the peripheral presence of additional pyridine rings in 1 
resulted in distinct guest binding behavior from that of 2, affecting 
guest scope as well as binding affinities. The different stabilities and 
guest affinities of capsules 1 and 2 enabled the design of systems 
whereby different cargoes could be moved between cages using acid 
and base as chemical stimuli.  
Metal-organic cages[1] have wide-ranging applications, including 
molecular sensing,[2] catalysis,[3] guest sequestration,[4] and 
stabilization of reactive species.[5] Compared to non-dynamic 
covalent cages,[6] however, the coordination bonds of metal-
organic capsules render them sensitive to opening in the 
presence of acids or bases,[7] potentially limiting their practical 
applications. Strategies to render these capsules more robust to 
environmental changes could thus lead to broader usefulness. 
The reversible nature of their coordination bonds[7a, 8] also 
provides metal-organic cages with potentially useful stimuli-
responsive properties.[9] Such stimuli-responsive hosts,[10] 
capable of trapping and releasing guests in a controlled manner, 
are finding new uses.[11] Systems consisting of multiple hosts and 
guests together allow for complex functions to be designed,[12] 
such as functional mimicry of multi-enzyme systems.[13] Within 
such a system, cargo delivery from the cavity of one molecular 
container to another would imitate the sequential transformations 
in the synthesis of natural products,[14] whereby the intermediate 
product from one enzymatic transformation becomes the 
substrate of another enzyme. 
We hypothesized that di(2-pyridyl)ketone might be employed in 
place of 2-formylpyridine during the construction of cages by 
subcomponent self-assembly.[12] Such new cages might exhibit 
enhanced acid stability due to the free basic pyridyl units at their 
corners. This concept was realized through the synthesis of 
tetrahedron 1 (Figure 1a), which proved capable of cargo release 
and exchange between the cavities of 1 and its analog 2, 
incorporating 2-formylpyridine residues, using acid and base as 
chemical stimuli. 
 
Figure 1. (a) Subcomponent self-assembly of tetrahedra 1 and 2 and (b) 
their 1H NMR spectra (CD3CN, 400 MHz, 298 K). The peaks of the 
phenylene rings in each structure are labelled. Full structural assignments 
are provided in Supporting Information Sections 2.1 and 2.2.  
The reactions of tritopic amine subcomponent A[15] (4 equiv) 
with zinc(II) bis(trifluoromethane)sulfonimide (triflimide, Tf2N–, 4 
equiv) and di(2-pyridyl)ketone (12 equiv) or 2-formylpyridine (12 
equiv) in acetonitrile afforded tetrahedra 1 and 2 (Figures 1 and 
S1-S20). The 1H NMR spectra of 1 and 2 displayed only one set 
of ligand signals, consistent with the formation of T-symmetric 
tetrahedra.[15b] Interestingly, the phenylene protons of cage 2 




 in Figure 1) at 298 K, whereas 
those of 1 exhibited four distinct signals (H2-H5 in Figure 1). We 
infer this different behavior to be due to the steric hindrance 
caused by the additional free pyridine rings at the corners of 1, 
which restrict the rotation of the neighboring phenylene rings and 
render the cavity of 1 more rigid than that of 2. 
Slow vapor diffusion of diethyl ether into acetonitrile solutions 
of 1 in the presence of other anions, including BF4−, TfO−, ReO4−, 
PF6−, and SbF6−, allowed us to obtain crystals of the anion adducts 
X−⊂1 suitable for X-ray diffraction studies (Figure 2a-e).[16] In each 
case four ligands bridge four octahedral zinc(II) centers. Each 
ligand caps a face of the tetrahedron and displays a C3-symmetric 
propeller-like configuration.[17] Only one pyridyl unit per di(2-
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pyridyl)ketone moiety coordinates to the zinc(II) center, resulting 
in twelve uncoordinated pyridyl units around the vertices of 1 in 
each case. These free pyridine rings orient so as to minimize 
steric clash with their neighboring phenylene rings (Figure S21). 
In each case an anion is observed inside the cavity of 1, with the 
cavity volume expanding from 134 Å3 in [BF4−⊂1] to 148 Å3 in 
[TfO−⊂1] (Table S1).  
 
Figure 2. Crystal structures of (a) BF4−⊂1, (b) TfO−⊂1, (c) ReO4−⊂1, (d) 
PF6−⊂1, (e) SbF6−⊂1, and (f) SbF6−⊂2. Disorder, unbound counterions, 
and solvents of crystallization are omitted for clarity. 
The crystal structure of [SbF6−⊂2] (Figure 2f) was obtained in 
the same way, showing an analogous tetrahedral framework 
without the twelve peripheral pyridyl units. The cavity volumes of 
cages 1 and 2 with SbF6− bound inside are similar, at 143 Å3 and 
146 Å3, respectively (Table S1).  
The peripheral differences in the structures of 1 and 2 resulted 
in different guest binding behavior in solution (Figures S23-S59). 
The smallest anion investigated, BF4−, bound within 1 (Ka = 2.2 × 
103 M-1), whereas no interaction was observed with cage 2. Cage 
1 also bound all other anions (Ka = 106-107 M-1) more strongly than 
2 (Ka = 104-105 M-1) (Table S2). In contrast, cage 2 encapsulated 
neutral guests (Figure 3) more strongly than 1 (Table S2). Neutral 
guests containing five- and six-membered rings were bound by 
both tetrahedra 1 (Ka = 5-15 M-1) and 2 (Ka = 91-680 M-1), whereas 
larger guests were observed to bind only within 2 (Ka < 11 M-1). 
We infer that the restricted rotation of the phenylenes on the faces 
of 1, as noted above, prevented its cavity from adapting to bind 
the larger neutral guests, while the higher rigidity of 1 enhanced 
its ability to encapsulate the smaller anionic guests. 
 
Figure 3. Guests in the overlapping green and purple boxes were 
observed to bind within cages 1 and 2, respectively. 
Addition of hydrogen bis(trifluoromethane)sulfonimide 
(triflimidic acid, HNTf2) to an acetonitrile solution of tetrahedron 2 
led to the progressive disappearance of the cage peaks along with 
the appearance of new signals corresponding to free 2-
formylpyridine (Figures S63 and S64), indicating the disassembly 
of cage 2 upon acid addition. Complete disassembly of 2 was 
observed following the addition of 10 equivalents of HNTf2. In 
contrast, 30 equivalents of acid were required to induce complete 
disassembly of cage 1, with 43% cage opening observed at 10 
equivalents (Figures S60 and S61), indicating that 1 is more acid-
resistant than 2. Titration of the base N,N-diisopropylethylamine 
(DIPEA, 0-10 equiv) into the solution of disassembled 2 led to the 
progressive reformation of the cage, whereas no such 
regeneration was observed even after the addition of 30 equiv of 
DIPEA to disassembled 1 (Figure S62). The salts that build up 
following the addition of 30 equivalents each of acid and base may 
thus prevent the reformation of 1.  
The addition of HNTf2 (10 equiv) to an equimolar mixture of 1 
and 2 in CD3CN led to the selective and complete disassembly of 
2, with the 1H NMR signals for 1 remaining intact (Figures S65 
and S66). This result further indicates the intrinsically higher 
stability of 1 towards acid, highlighting the utility of di(2-
pyridyl)ketone in subcomponent self-assembly. Subsequent 
addition of DIPEA induced cage 2 to reform (Figures S67 and 
S68), regenerating the initial equimolar mixture of the two cages. 
 
Figure 4. Schematic representation of the transfer of cargo SbF6− from 
cage 2 to cage 1 upon the addition of acid and then base. 
Based upon the observations above, we designed the system 
shown in Figure 4. This system initially consisted of an equimolar 
mixture of 1 and SbF6−⊂2, prepared separately and then mixed 
together. As triflimidic acid was progressively added to the mixture 
(up to 9.0 equiv), the 1H NMR signals corresponding to SbF6−⊂2 
were observed to disappear, accompanied by the appearance of 
new host-guest peaks of SbF6−⊂1 and concomitant 

















addition of acid thus resulted in the selective disassembly of 
SbF6−⊂2 and release of its cargo SbF6−, which was then 
encapsulated by cage 1. Subsequent addition of the base DIPEA 
(9.0 equiv) generated new 1H NMR signals corresponding to 
empty 2. The transfer of SbF6− from host 2 to host 1 was thus 
achieved, mediated by acid and base.   
The thermodynamically-favored cargo transfer from 2 to 1 thus 
took place over a time scale of minutes via the acid-base 
accelerated process shown in Figure 4. The corresponding 
unassisted process of SbF6− delivery from 2 to 1 was slow due to 
kinetic trapping of the cargo within 2. After mixing SbF6−⊂2 and 1, 
only 30% of the SbF6− transferred from 2 into 1 after 3 hours, and 
80% of SbF6− was delivered after 45 hours (Figure S70). 
Complete cargo delivery from 2 to 1 thus required the acid-base 
cycle shown in Figure 4, as the non-mediated process resulted in 
kinetic trapping. 
The rapid exchange of cargoes between tetrahedra 1 and 2 also 
occurred between 1,3-dioxane⊂1 and SbF6−⊂2 (Figure 5). During 
the progressive addition of triflimidic acid (up to 10 equiv) to the 
mixture, the 1H NMR signals of SbF6−⊂2 disappeared as new 
peaks corresponding to SbF6−⊂1 grew in (Figure S71). The SbF6− 
released from cage 2 following acidification displaced the more 
weakly bound 1,3-dioxane guest from 1, forming the new complex 
SbF6−⊂1. Subsequent addition of DIPEA (10 equiv) brought about 
the reformation of 2, which took up the released dioxane from 
solution to generate 1,3-dioxane⊂2. Thus, by using acid and base 
as chemical stimuli the cargo SbF6− was transferred from cage 2 
to cage 1, and the cargo 1,3-dioxane was correspondingly moved 
from the cavity of 1 to that of 2, with the whole process occurring 
on a time scale of minutes.  
 
Figure 5. Schematic representation of exchange of cargoes 1,3-dioxane 
and SbF6− between cages 1 and 2 upon sequential acid-base addition. 
This result contrasted with the observation of a control 
experiment in which no acid-base cycle was carried out. Only 82% 
of 1 had taken up SbF6− in this case after 81 hours, with the other 
18% of 1 binding the original 1,3-dioxane cargo (Figure S72). 
The strategy for improving the acid resistance of coordination 
cages developed herein may well allow other functional capsules 
to be constructed, in turn permitting the more complex tasks to be 
carried out within systems of capsules.[12] Applications of such 
systems may include cage-mediated catalytic processes,[3a, 18] 
wherein the functioning of different cages may be turned on and 
off without impacting other parts of the system; such processes 
might be built into complex catalytic relays.[19] Related systems 
could also show utility in the selective sequential release of 
multiple drugs, as well as for new methods of chemical purification 
involving selective guest uptake and release. 
Acknowledgements 
This work was supported by the European Research Council 
(695009) and the UK Engineering and Physical Sciences 
Research Council (EPSRC EP/P027067/1). The authors thank 
the Department of Chemistry NMR facility, University of 
Cambridge for performing some NMR experiments, the EPSRC 
UK National Mass Spectrometry Facility at Swansea University 
for carrying out high resolution mass spectrometry and Diamond 
Light Source (UK) for synchrotron beamtime on I19 (MT15768). 
L. X. acknowledges the National Nature Science Foundation of 
China (Nos. 21922506, 21672070 and 21871092) and Shanghai 
Pujiang Program (No. 18PJD015). D. Z. acknowledges a Herchel 
Smith Research Fellowship from the University of Cambridge. 
The authors thank Professor Hai-Bo Yang (East China Normal 
University) for useful discussions and suggestions. 
Keywords: metal-organic cage • acid resistance • cargo delivery 
• cargo exchange • supramolecular chemistry 
[1] a) P. D. Frischmann, M. J. MacLachlan, Chem. Soc. Rev. 2013, 42, 871-
890; b) R. Custelcean, Chem. Soc. Rev. 2014, 43, 1813-1824; c) X.-P. 
Zhou, Y. Wu, D. Li, J. Am. Chem. Soc. 2013, 135, 16062-16065; d) J. R. 
Li, H. C. Zhou, Nat. Chem. 2010, 2, 893-898; e) I. A. Bhat, D. Samanta, P. 
S. Mukherjee, J. Am. Chem. Soc. 2015, 137, 9497-9502; f) T. R. Cook, P. 
J. Stang, Chem. Rev. 2015, 115, 7001-7045; g) S. Akine, M. Miyashita, T. 
Nabeshima, J. Am. Chem. Soc. 2017, 139, 4631-4634; h) H. L. Ozores, M. 
Amorin, J. R. Granja, J. Am. Chem. Soc. 2017, 139, 776-784; i) S. Pasquale, 
S. Sattin, E. C. Escudero-Adan, M. Martinez-Belmonte, J. de Mendoza, Nat. 
Commun. 2012, 3, 785; j) L. J. Chen, H. B. Yang, M. Shionoya, Chem. Soc. 
Rev. 2017, 46, 2555-2576. 
[2] B. P. Burke, W. Grantham, M. J. Burke, G. S. Nichol, D. Roberts, I. Renard, 
R. Hargreaves, C. Cawthorne, S. J. Archibald, P. J. Lusby, J. Am. Chem. 
Soc. 2018, 140, 16877-16881. 
[3] a) C. M. Hong, R. G. Bergman, K. N. Raymond, F. D. Toste, Acc. Chem. 
Res. 2018, 51, 2447-2455; b) W. Cullen, H. Takezawa, M. Fujita, Angew. 
Chem. Int. Ed. 2019, 58, 9171-9173; c) L. R. Holloway, P. M. Bogie, Y. 
Lyon, C. Ngai, T. F. Miller, R. R. Julian, R. J. Hooley, J. Am. Chem. Soc. 
2018, 140, 8078-8081; d) A. N. Oldacre, A. E. Friedman, T. R. Cook, J. Am. 
Chem. Soc. 2017, 139, 1424-1427. 
[4] C. Garcia-Simon, M. Garcia-Borras, L. Gomez, T. Parella, S. Osuna, J. 
Juanhuix, I. Imaz, D. Maspoch, M. Costas, X. Ribas, Nat. Commun. 2014, 
5, 5557. 
[5] A. Galan, P. Ballester, Chem. Soc. Rev. 2016, 45, 1720-1737. 
[6] a) M. Mastalerz, Acc. Chem. Res. 2018, 51, 2411-2422; b) O. Shyshov, R. 
C. Brachvogel, T. Bachmann, R. Srikantharajah, D. Segets, F. Hampel, R. 
Puchta, M. von Delius, Angew. Chem. Int. Ed. 2017, 56, 776-781; c) N. 
Busschaert, L. E. Karagiannidis, M. Wenzel, C. J. E. Haynes, N. J. Wells, 
P. G. Young, D. Makuc, J. Plavec, K. A. Jolliffe, P. A. Gale, Chem. Sci. 
2014, 5; d) E. J. Dale, N. A. Vermeulen, A. A. Thomas, J. C. Barnes, M. 
Juricek, A. K. Blackburn, N. L. Strutt, A. A. Sarjeant, C. L. Stern, S. E. 
Denmark, J. F. Stoddart, J. Am. Chem. Soc. 2014, 136, 10669-10682; e) 
F. Jia, H. Hupatz, L. P. Yang, H. V. Schroder, D. H. Li, S. Xin, D. Lentz, F. 
Witte, X. Xie, B. Paulus, C. A. Schalley, W. Jiang, J. Am. Chem. Soc. 2019, 
141, 4468-4473; f) Y. Liu, W. Zhao, C. H. Chen, A. H. Flood, Science 2019, 
365, 159-161; g) S. Kubik, Acc. Chem. Res. 2017, 50, 2870-2878; h) E. 
Pazos, P. Novo, C. Peinador, A. E. Kaifer, M. D. Garcia, Angew. Chem. Int. 
Ed. 2019, 58, 403-416; i) B. Tang, W. L. Li, Y. Chang, B. Yuan, Y. Wu, M. 
T. Zhang, J. F. Xu, J. Li, X. Zhang, Angew. Chem. Int. Ed. 2019, 131, 
15672-15677. 
[7] a) P. Mal, D. Schultz, K. Beyeh, K. Rissanen, J. R. Nitschke, Angew. Chem. 
Int. Ed. 2008, 47, 8297-8301; b) S. M. Jansze, K. Severin, J. Am. Chem. 
Soc. 2019, 141, 815-819. 
[8] a) M. Mauro, A. Aliprandi, D. Septiadi, N. S. Kehr, L. De Cola, Chem. Soc. 
Rev. 2014, 43, 4144-4166; b) Q. Q. Wang, R. A. Begum, V. W. Day, K. 





Bowman-James, J. Am. Chem. Soc. 2013, 135, 17193-17199; c) L. Zhang, 
R. Das, C. T. Li, Y. Y. Wang, F. E. Hahn, K. Hua, L. Y. Sun, Y. F. Han, 
Angew. Chem. Int. Ed. 2019, 58, 13360-13364. 
[9] a) J. Heo, Y. M. Jeon, C. A. Mirkin, J. Am. Chem. Soc. 2007, 129, 7712-
7713; b) P. N. W. Baxter, R. G. Khoury, J.-M. Lehn, G. Baum, D. Fenske, 
Chem. Eur. J. 2000, 6, 4140-4148; c) B. Kilbas, S. Mirtschin, R. Scopelliti, 
K. Severin, Chem. Sci. 2012, 3, 701-704. 
[10] a) Z. Zhang, D. S. Kim, C. Y. Lin, H. Zhang, A. D. Lammer, V. M. Lynch, I. 
Popov, O. S. Miljanic, E. V. Anslyn, J. L. Sessler, J. Am. Chem. Soc. 2015, 
137, 7769-7774; b) A. Diaz-Moscoso, P. Ballester, Chem. Commun. 2017, 
53, 4635-4652; c) L. Zhiquan, H. Xie, S. E. Border, J. Gallucci, R. Z. 
Pavlovic, J. D. Badjic, J. Am. Chem. Soc. 2018, 140, 11091-11100; d) M. 
De Poli, W. Zawodny, O. Quinonero, M. Lorch, S. J. Webb, J. Clayden, 
Science 2016, 352, 575-580; e) S. Kassem, T. van Leeuwen, A. S. Lubbe, 
M. R. Wilson, B. L. Feringa, D. A. Leigh, Chem. Soc. Rev. 2017, 46, 2592-
2621; f) M. Galli, J. E. Lewis, S. M. Goldup, Angew. Chem. Int. Ed. 2015, 
54, 13545-13549; g) S. Chen, L. J. Chen, H. B. Yang, H. Tian, W. Zhu, J. 
Am. Chem. Soc. 2012, 134, 13596-13599; h) S. Oldknow, D. R. Martir, V. 
E. Pritchard, M. A. Blitz, C. W. G. Fishwick, E. Zysman-Colman, M. J. 
Hardie, Chem. Sci. 2018, 9, 8150-8159; i) S. Pramanik, I. Aprahamian, J. 
Am. Chem. Soc. 2016, 138, 15142-15145; j) P. Wei, X. Yan, F. Huang, 
Chem. Soc. Rev. 2015, 44, 815-832; k) K. M. Park, K. Baek, Y. H. Ko, A. 
Shrinidhi, J. Murray, W. H. Jang, K. H. Kim, J. S. Lee, J. Yoo, S. Kim, K. 
Kim, Angew. Chem. Int. Ed. 2018, 57, 3132-3136; l) K. Jie, M. Liu, Y. Zhou, 
M. A. Little, A. Pulido, S. Y. Chong, A. Stephenson, A. R. Hughes, F. 
Sakakibara, T. Ogoshi, F. Blanc, G. M. Day, F. Huang, A. I. Cooper, J. Am. 
Chem. Soc. 2018, 140, 6921-6930. 
[11] a) T. Y. Kim, R. A. S. Vasdev, D. Preston, J. D. Crowley, Chem. Eur. J. 
2018, 24, 14878-14890; b) N. Kishi, M. Akita, M. Kamiya, S. Hayashi, H. F. 
Hsu, M. Yoshizawa, J. Am. Chem. Soc. 2013, 135, 12976-12979; c) H. 
Dube, D. Ajami, J. Rebek, Jr., Angew. Chem. Int. Ed. 2010, 49, 3192-3195; 
d) M. Han, R. Michel, B. He, Y. S. Chen, D. Stalke, M. John, G. H. Clever, 
Angew. Chem. Int. Ed. 2013, 52, 1319-1323; e) S. K. Samanta, J. Quigley, 
B. Vinciguerra, V. Briken, L. Isaacs, J. Am. Chem. Soc. 2017, 139, 9066-
9074; f) W. Cullen, S. Turega, C. A. Hunter, M. D. Ward, Chem. Sci. 2015, 
6, 625-631; g) A. K. Chan, W. H. Lam, Y. Tanaka, K. M. Wong, V. W. Yam, 
P. Natl. Acad. Sci. U S A 2015, 112, 690-695. 
[12] D. Zhang, T. K. Ronson, J. R. Nitschke, Acc. Chem. Res. 2018, 51, 2423-
2436. 
[13] a) P. R. Carlier, Angew. Chem. Int. Ed. 2004, 43, 2602-2605; b) M. Raynal, 
P. Ballester, A. Vidal-Ferran, P. W. van Leeuwen, Chem. Soc. Rev. 2014, 
43, 1734-1787. 
[14] M. A. Fischbach, C. T. Walsh, Chem. Rev. 2006, 106, 3468-3496. 
[15] a) M. Yamanaka, H. Fujii, J. Org. Chem. 2009, 74, 5390-5394; b) A. 
Ferguson, R. W. Staniland, C. M. Fitchett, M. A. Squire, B. E. Williamson, 
P. E. Kruger, Dalton Trans. 2014, 43, 14550-14553. 
[16] CCDC 1585972-1585977 contain the supplementary crystallographic data 
for this paper. These data can be obtained free of charge from The 
Cambridge Crystallographic Data Center via 
www.ccdc.cam.ac.uk/data_request/cif. 
[17] K. Li, L. Y. Zhang, C. Yan, S. C. Wei, M. Pan, L. Zhang, C. Y. Su, J. Am. 
Chem. Soc. 2014, 136, 4456-4459. 
[18] Q. Zhang, K. Tiefenbacher, Nat. Chem. 2015, 7, 197-202. 
[19] a) K. Eichstaedt, J. Jaramillo-Garcia, D. A. Leigh, V. Marcos, S. Pisano, T. 
A. Singleton, J. Am. Chem. Soc. 2017, 139, 9376-9381; b) C. M. Volla, I. 
Atodiresei, M. Rueping, Chem. Rev. 2014, 114, 2390-2431. 










A strategy for improving the acid resistance of a tetrahedral cage has been 
developed by incorporating additional free pyridyl units on its vertices. The guest 
binding properties of the cage are also altered compared to the analogous 
tetrahedron without these peripheral groups, allowing the functions of complete 
cargo delivery and exchange between the two capsules by using acid and base as 
chemical stimuli.  
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